Hearing loss is becoming an increasingly prevalent problem affecting more than 250 million people worldwide. During development, fibroblast growth factors (FGFs) are required for inner ear development as well as hair cell formation in the mammalian cochlea and thus make attractive therapeutic candidates for the regeneration of sensory cells. Previous findings showed that Fgfr1 conditional knock out mice exhibited hair cell and support cell formation defects. Immunoblocking with Fgf20 antibody in vitro produced a similar phenotype. While hair cell differentiation in mice starts at embryonic day (E)14.5, beginning with the inner hair cells, Fgf20 expression precedes hair cell differentiation at E13.5 in the cochlea. This suggests a potential role for Fgf20 in priming the sensory epithelium for hair cell formation. Treatment of explants with a gamma-secretase inhibitor, DAPT, decreased Fgf20 mRNA, suggesting that Notch is upstream of Fgf20. Notch signaling also plays an early role in prosensory formation during cochlear development. In this report we show that during development, Notch-mediated regulation of prosensory formation in the cochlea occurs via Fgf20. Addition of exogenous FGF20 compensated for the block in Notch signaling and rescued Sox2, a prosensory marker, and Gfi1, an early hair cell marker in explant cultures. We hypothesized that Fgf20 plays a role in specification, amplification, or maintenance of Sox2 expression in prosensory progenitors of the developing mammalian cochlea.
Introduction
The development of the cochlea has received considerable attention in recent years as a model system for studies of cell interactions in patterning, sensory repair, and regeneration. Induction of the sensory epithelium within the mouse cochlear duct occurs around embryonic day (E)11. The prosensory progenitors within the sensory domain of the developing cochlea express Sox2. Hair cells begin to differentiate around E14.5, starting with the inner hair cells followed by the outer hair cells from base to apex and medial to lateral (Ruben, 1967; Chen and Segil, 1999) . By E17, hair cells are organized into the typical one row of inner hair cells and three rows of outer hair cells, with all hair cells surrounded by support cells (Ruben, 1967; Sher, 1971; Lim and Anniko, 1985) .
Notch signaling plays two established roles in inner ear development: prosensory specification (Kiernan et al., 2006; Hayashi et al., 2008a) and lateral inhibition (Zine et al., 2001; Kiernan et al., 2005b; Brooker et al., 2006) . Daudet and colleagues first suggested an early role for Notch in inner ear development in the chick embryo (Daudet and Lewis, 2005; Daudet et al., 2007) . Overexpression of the Notch intracellular domain (NICD) outside the sensory epithelia of the inner ear induced ectopic hair cell formation (Daudet and Lewis, 2005) . In mouse Jag1 loss-offunction mutants, the sensory epithelium development was compromised (Kiernan et al., 2001) . Notch inhibition, using a gamma-secretase inhibitor, DAPT, on E12.5 cochlea explants, decreased prosensory formation in vitro (Hayashi et al., 2008a) . More recently, Rbpj conditional knockout (cKO) mice also showed decreased Sox2 and p27 kip1 expression, which are early markers of the prosensory domain (Yamamoto et al., 2011) . Furthermore, ectopic expression of NICD induced extrasensory patches in the nonsensory areas of the mouse inner ear (Hartman et al., 2010; Pan et al., 2010) .
Similar to Notch, fibroblast growth factor (FGF) signaling has also been shown to be important for sensory cell formation in the cochlea. The Fgfr1 cKO mice showed a decrease in hair cells and support cells (Pirvola et al., 2002) . Inhibition of FGF receptors using SU5402 on cochlear explants also showed a similar impact on hair cell and support cell formation. Immunoblocking with Fgf20 antibody also decreased hair cell formation, suggesting that Fgf20 is the likely ligand activating Fgfr1, which is the only FGF receptor that is expressed in the sensory domain at this early stage of development (Hayashi et al., 2008b (Hayashi et al., , 2010 . These results demonstrated that Fgf20/Fgfr1 signaling is required for the prosensory phase of development.
Sox2 plays a critical role in prosensory specification and is required for sensory epithelium formation (Kiernan et al., 2005a) . Interestingly, both Notch inhibition and Fgfr inhibition decreased Sox2 expression in the cochlea (Hayashi et al., 2008a,b; Millimaki et al., 2010) . We hypothesized that there is a link between Notch and Fgf20. We have investigated this hypothesis using an explant culture system. We report that upon DAPT-mediated prosensory inhibition, exogenous FGF20 rescued Sox2 expression. In addition, hair cells were also rescued. The rescue of Sox2 suggests that the primary function of Fgf20 is to increase or maintain Sox2 expression in prosensory progenitors. Figure 1 . The transient expression of Fgf20 occurs before sensory cell formation. A-C, Explants probed for Fgf20 mRNA shows very faint expression of Fgf20 at E12.5 that gradually increases until E14.5. Fgf20 is very faintly expressed at E12.5 (A) and strongly upregulated in E13.5 (B) and E14.5 explants (C). D-F Immunolabeling of Sox2 in E12.5-E14.5 explants also shows a gradual increase in Sox2 levels in the developing cochlea. Boxed areas in D-F are shown in higher magnification in D-F with Sox2 (red) and Gfi1 (green) labeling at E12.5 to E14.5. G, RT-PCR analysis of cochlear tissue from various embryonic ages shows the relative expression of Sox2, Fgf20, and Atoh1. form extraction, DNase treatment, and reversetranscription into cDNA by Superscript III reverse transcriptase (Invitrogen). Reactions were carried out using the following primer sets: FGF-20, Sox2, and Math1. RT-quantitative PCR (qPCR) analysis was performed on the ABI 7900 384-and 96-well block with TaqMan Low Density Array. Three biological experiments were carried out for each condition. In all samples, cycle differences were calculated to Gapdh. In DAPT-and FGF20-treated samples, a cutoff at 38 cycles was set for calculating cycle differences to Gapdh. Any transcript amplified at cycle 38 was considered as not being expressed.
For RT-qPCR of various genes across different ages, large pools of 14 -22 cochleas per time point were collected and synthesized into cDNA and analyzed for Atoh1, Sox2, and Fgf20 primers. Cycle differences from Gapdh were calculated and reversed on the y-axis to show relative trends with respect to other genes. In all RT-qPCR experiments, the saccule was removed to measure gene expression in the cochlea alone. Primers used were as follows: Fgf20, forward 5Ј-ccttgggatgaatg acaaagga-3Ј and reverse-5Ј-cgacccgtgtttccatgttt-3Ј; Sox2, forward 5Ј-gcggagtggaaacttttgtcc-3Ј and reverse 5Ј-cgggaagcgtgtacttatcctt-3Ј; Atoh1, forward 5Ј-tcccgtccttcaacaacgac-3Ј and reverse 5Ј-ctctccgacattgggagtctg-3Ј.
Imaging. Z-stacks were acquired on a Nikon Eclipse Ti confocal laser microscope system at the Garvey Cell Imaging Lab (University of Washington, Seattle, WA). Maximum projection images were rendered from z-stacks to quantify hair cells numbers and regions of interest in the cochlear ducts using the NIS-Elements software.
In situ hybridization. Cochlear explants were fixed in 7% formaldehyde followed by dehydration in an ethanol-DEPC series of 50%, 70%, 90%, 95%, and three 100% washes. Explants were subjected to two 5 min xylene washes and three final washes with 100% ethanol. Tissues were incubated at 70°C for an hour in hybridization mix, followed by 0.2 mg/ml of digoxigenin (DIG)-labeled Fgf20 RNA probe for 2 days. DIGlabeled probes were prepared according to the manufacturer's protocol (Roche) After sufficient washing, tissues were incubated overnight at 4°C with anti-DIG-AP antibody (1:2000) (Roche) (Hayashi et al., 2008b) . The in situs were developed with NBT/BCIP solution and postfixed with 4% formaldehyde/0.1% Triton X-100 in PBS.
Jag1 conditional knock out mutants. To inactivate Jag1 function in the inner ear, heterozygous Foxg1-Cre mice (The Jackson Laboratory) were .5 ϩ 1 DIV explants in the absence and presence of DAPT were probed for Fgf20 mRNA. DAPT treatment decreased Fgf20 mRNA. C, Quantitative PCR analysis on E12.5 ϩ 3 DIV explants confirms that DAPT treatment decreased Fgf20 expression. One-way ANOVA for correlated samples show statistical significance; *p Ͻ 0.05, n ϭ 3 experiments. Fgf20 mRNA was probed by in situ hybridization in Jag1 conditional knockouts. D, E, Wild-type embryos showed Fgf20 expression (D) and no Fgf20 expression in Jag1 knockout littermates (E).
crossed to mice that were heterozygous for the Jag1-null allele (The Jackson Laboratory). Male offspring with the genotype Foxg1-Cre/ ϩ ; Jag1 null / ϩ were then crossed to homozygous Jag1 flox female mice to generate Jag1 cKO embryos of the genotype Foxg1-Cre/ ϩ ; Jag1 null /Jag1 flox (Kiernan et al., 2006) . E14 Jag1 cKO mice were then dissected and probed for Fgf20 transcript by in situ hybridization.
Results

Fgf20 expression is concomitant with an increase in
Sox2 expression
The temporal and spatial expression of Fgf20 is important for cochlear development in the inner ear (see Introduction). We assessed and compared the relative changes of protein levels of Sox2 by immunolabeling with an antibody to Sox2 and comparing whole mount explants of similar stages of cochlear development probed for Fgf20 mRNA by in situ hybridization (Fig. 1 ).
There are very low levels of Fgf20 mRNA at E12.5 ( Fig. 1 A, arrow). Consistent with previous reports, Fgf20 mRNA was highly expressed at E13.5 and E14.5 ( Fig. 1 B, C) . Immunolabeling of E12.5 explants showed that Sox2 was expressed at low levels ( Fig.  1 D, DЈ) . At E13.5, although still weak, there is a marked increase of Sox2 along the cochlear duct ( Fig. 1 E, EЈ ). There is a steady and gradual increase of Sox2 from E12.5 to E14.5 that becomes restricted to a well defined stripe along the cochlea by E14.5 ( Fig.  1 F, FЈ) that correlated with Fgf20 expression in the cochlea ( Fig. 1 
A-C,DЈ-FЈ).
Sox2 expression in the saccule did not correlate with Fgf20 expression, as Fgf20 expression was undetectable in the saccule by in situ hybridization. Gfi1 was not yet expressed in these early stages of cochlear development ( Fig. 1 DЈ-FЈ), and was first seen in the inner hair cells at E15-E15.5 (data not shown) (Yang et al., 2010) .
To confirm the immunohistochemistry and in situ hybridization results with a more quantitative method, we also performed RT-qPCR analysis on E12.5-E18 cochleas with the saccules removed. We analyzed Fgf20 mRNA levels together with Sox2 and an early hair cell marker, Atoh1 (Fig. 1G) . We assessed Atoh1 gene expression for hair cell formation, as it is the earliest hair cell ϩ area relative to control showed that only 4% of the sensory epithelium remained while 24% of the sensory epithelium was preserved. Students t test; ***p Ͻ 0.00005, n ϭ 8 cochlea per condition. E, RT-qPCR analysis on E12.5 ϩ 3 DIV explants confirms that DAPT treatment decreased Sox2 mRNA expression, while Fgf20 in the presence of DAPT rescued Sox2. Cycle differences to Gapdh with a cutoff at cycle 38. One-way ANOVA for correlated samples show statistical significance; *p Ͻ 0.05, **p Ͻ 0.01, n ϭ 3 experiments.
marker. Fgf20 expression steadily increased from E12.5 to E15.0 and then sharply declined. Sox2 expression also steadily increased from E12.5 to E14.0 and then plateaued. In contrast, the onset of Atoh1 expression began around E14.5, well after the peak expression of Fgf20 was attained. Atoh1 expression steadily increased as Fgf20 expression decreased, with a brief period of overlapping expression. RT-qPCR data confirmed the transient expression of Fgf20; however, its expression was more strongly correlated with Sox2 expression than Atoh1 (Fig.  1G ).
Notch signaling in the cochlea
To better understand the relationship between Notch and Fgf20 during early cochlear development, we confirmed the prosensory requirement for Notch signaling in explant cultures (Fig. 2) . In E12.5 cochlear explants under control conditions, the sensory epithelium developed in a well organized manner, marked by Sox2 ϩ and Prox1 ϩ support cells and Gfi1 ϩ hair cells (Fig. 2 A-AЉ ). When treated with DAPT to block Notch signaling, the formation of the prosensory domain was inhibited (Fig. 2 B-BЉ) . Both hair cells (Gfi1 labeled) and support cells (Sox2/Prox1 labeled) were absent after 6 days of DAPT treatment, indicating a complete inhibition of sensory cell formation (Fig. 2 B-BЉ) . At later stages of cochlear development, Notch signaling plays a role in lateral inhibition; thus, Notch inhibition with DAPT lead to an increase in hair cell number at the expense of support cells. Control E13.5 explants cultured for 5 days in vitro (DIV) showed even better development, with prominent Prox1 support cell differentiation, in addition to Gfi1 and Sox2 expression (Fig. 2C,CЈ) . Notch inhibition at E13.5 with DAPT resulted in (1) loss of lateral inhibition in the base to middle regions of the cochlea (Fig. 2 D, arrow) and (2) loss of prosensory specification in the apex (Fig. 2 DЈ) . At the base, the increase in hair cells was concomitant with a decrease in support cells; as Gfi1 ϩ cells increase, support cell markers, Sox2 and Prox1, are downregulated (Fig. 2 D, DЈ) .
Notch inhibition downregulated Fgf20 expression
To determine whether Fgf20 signaling was downstream of Notch signaling, we explanted E12.5 cochlea and cultured them in the presence or absence of DAPT for 1 DIV. After 1 DIV, Fgf20 mRNA is clearly detectable (Fig. 3A) ; however, explants exposed to DAPT showed no Fgf20 mRNA expression (Fig. 3B) . We also performed RT-qPCR analysis on E12.5 explants after 3 DIV and observed a loss of Fgf20 expression (Fig. 3C ). Three days of Notch inhibition showed the largest decrease in Fgf20 expression, as Fgf20 expression is at peak levels in control E12.5 explants. Control explants reflected a difference in Fgf20 mRNA levels relative to Gapdh of 16.8 cycles. When E12.5 explants were treated with DAPT, Fgf20 mRNA was detectable at cycle number 38, four cycles after the control samples, indicating no expression of Fgf20. We also looked at Fgf20 by in situ hybridization in Jag1 mutants. Consistent with a previous report, Jag1 cKO embryos showed a visible truncation and defects in sensory cell formation (Kiernan et al., 2001 ). When we compared Jag1 cKO cochleas with wild-type cochleas at the same developmental stage, we found a striking difference. In wildtype embryos, Fgf20 expression is clearly visible at E14 (Fig. 3D) ; in contrast, Jag1 cKO cochleas have no Fgf20 expression (Fig. 3E ). This suggests a requirement of Notch signaling for Fgf20 expression during development. We also saw a decrease in the Jag1 conditional heterozygote (data not shown), suggesting that Fgf20 gene expression may be sensitive to the level of activity of Notch.
FGF20 partially rescued the effects of blocking Notch signaling at E12.5
Since early prosensory formation and Fgf20 expression were inhibited by DAPT treatment, we hypothesized that the prosensory effects of Notch may be in part mediated through Fgf20 signaling. To test this model, we added exogenous human recombinant FGF20 to E12.5 explants in the presence or absence of DAPT and cultured them for 6 DIV. We excised the roof of the cochlear duct up to the apex to allow maximum exposure of the sensory epithelia to FGF20. Control explants showed normal hair cell and support cell differentiation as seen by the presence of Gfi1 ϩ -and Sox2 ϩ -labeled cells (Fig. 4A) . Prox1 ϩ -labeled support cells were also present in control explants, indicating normal development of the sensory epithelium (data not shown). Saccules (S) were included to distinguish the base (B) from the apex (Ap) of the cochlea.
DAPT treatment severely affected normal sensory cell formation as evidenced by the absence of support cell and hair cell markers (Fig. 4 B) . DAPT treatment also disrupted the morphology and shape of the cochlear duct when the duct was opened. To determine the effects on the sensory epithelium and assess the extent of prosensory inhibition, we quantified the total Sox2 area. Quantification of Sox2 area showed that only 4% Ϯ 2 (SEM) of the sensory epithelium (Sox2 labeling) remained after DAPT treatment alone relative to controls (Fig. 4 D) . We collected samples for RT-qPCR after 3 DIV to assess changes in Sox2 mRNA levels during peak Fgf20 expression. For all RT-qPCR experiments, saccules were excised. Analysis confirmed that DAPT treatment decreased Sox2 mRNA expression compared to control explants (Fig. 4 E) . Sox2 mRNA was amplified in control explants at a cycle difference of 13.2 cycles relative to Gapdh. When E12.5 explants were treated with DAPT for 3 DIV, the Sox2 mRNA was amplified five cycles after the control samples, indicating a 32-fold decrease in Sox2 expression relative to controls.
In contrast, when FGF20 was added to DAPT-treated cultures, we saw a partial rescue in cochlear development. Immunolabeling showed a rescue of Sox2 ϩ cells relative to DAPT-treated explants alone (Fig. 4C) . Upon quantifying the Sox2 area, we saw an increase by 24% Ϯ 4 (SEM) (Fig. 4 D) . RT-qPCR analysis confirmed a significant rescue of Sox2 transcript levels in explants treated with FGF20 and DAPT versus DAPT-treated explants alone (Fig. 4 E) . Sox2 mRNA levels increased by three cycles (8-fold increase) relative to cochlear explants treated with DAPT alone. RT-qPCR analysis also showed a decrease in Pea3 mRNA, a known transcription factor downstream of FGF signaling, upon DAPT treatment. Addition of FGF20 in the presence of DAPT also rescued Pea3 mRNA levels (data not shown). The extent of rescue of hair cells as evidenced by Gfi1 ϩ labeled cells was variable from explant to explant; however, the presence of isolated patches of hair cells suggests that rescued sensory cells have a potential to further differentiate into hair cells (Fig. 4CЈ) . One of eight explants showed a dramatic increase in hair cells (data not shown). These data support the hypothesis that the prosensory effect of Notch signaling is mediated at least in part through Fgf20.
FGF9 is in the same subfamily as FGF20 and can rescue hair cell formation in the Fgf20 knockout (Huh et al., 2012 ). Moreover, FGF9 shows similar but stronger biochemical activity to FGF20. We therefore also tested FGF9 for its potential to rescue prosensory specification in the presence of DAPT (Fig. 5) . Control explants showed differentiation of all the major sensory cell markers, Sox2, Gfi1, and Prox1 (Fig. 5A) , when E12.5 were cultured for 6 days (6 DIV). In the presence of DAPT, we saw no prosensory formation (Fig. 5B) . When we added FGF9 in the presence of DAPT, there was an even greater rescue of hair cell formation than that which occurred with FGF20 (Fig. 5C,CЈ) . Since DAPT remained in the media for the entire duration of the culture period, this increase occurred at the expense of Sox2 and Prox1 cells. However, we did see a few Prox1-positive cells along the length of the cochlea (Fig. 5CЉ) . Therefore, at higher concentrations of FGF we saw an increase in Gfi1 ϩ cells and a rescue of Prox1 ϩ cells, while at lower concentrations only Sox2 ϩ cells were predominantly rescued (Fig. 4) .
FGF20 partially rescued the prosensory effects of Notch inhibition at E13.5
Cochleas at E13.5 continue to require the prosensory Notch signal at the apex (Fig. 2 DЈ) . Control explants show that support cell and hair cell differentiation progressed along the entire length of A-C, respectively) . A, Control E13.5 explants show normal hair cell and support cell development has been completed up to the apex of the cochlea after 5 DIV. B, DAPT treatment of E13.5 cochlea revealed both lateral inhibition effects (arrow, B؆) and prosensory inhibition at the apex. BЈ, BЉ, Sox2 is downregulated along the whole length of the cochlea while hair cells are formed at the expense of support cells. Bٞ, No hair cells or support cells were present at the apex. C, Fgf20 in the presence of DAPT rescued both Gfi1 ϩ hair cells (green) and Sox2 ϩ support cells (red). CЈ, Sox2 rescue was seen along the whole length of the cochlea. CЉ, Gfi1 rescue was seen in the mid-base to apex region of the cochlea with some sporadic rescue in the base. Cٞ, Both Sox2 and Gfi1 were rescued in the apex of the cochlea. Scale bars-200 m.
the duct up to the apex after 5 days (Fig. 6 A-Aٞ) . Notch inhibition in E13.5 explants showed a block in both lateral inhibition and prosensory formation in a spatially dependent manner (Fig.  6 B) . The mid-cochlear region showed a block in lateral inhibition, resulting in an increase of Gfi1 ϩ labeled hair cells (Fig. 6Љ , arrow) that formed at the expense of the Sox2 ϩ support cells (Fig.  6 BЈ) . In addition, the apical end of the cochlea exhibits prosensory inhibition where both the formation of support cells and hair cells were affected (Fig. 6 B inset, Bٞ) .
Addition of FGF20 in the presence of DAPT rescued hair cells in the apical portion of the cochlea (Fig. 6C inset, Cٞ) . We quantified the number of hair cells in the apical region. To quantify the rescue of hair cells in the apical region, the cochlear duct was divided into four portions and the total number of hair cells in the apical 25% of the duct was counted (Fig. 7A) . The total number of hair cells found in the apex of controls was 236 Ϯ 38 (SEM). DAPT-treated cochlea contained only 24 Ϯ 12 (SEM) hair cells. Addition of FGF20 with DAPT significantly increased the total number of hair cells at the apex to 146 Ϯ 16 (SEM) (Fig. 7A ). Therefore, FGF20 was able to rescue DAPT-mediated hair cell inhibition at the apex. However, Notch inhibition with DAPT also resulted in a truncated cochlear duct (Fig. 7B) . At E13.5, the cochlear ducts were still discernable and duct lengths were measured based on their morphological features. The average length of cochlear ducts in control explants was 2143 m Ϯ 110 (SEM), while DAPT treatment significantly truncated the duct to 1836 m Ϯ 77 (SEM). Addition of FGF20 in the presence of DAPT did not increase the length of the duct relative to DAPT treatment alone (Fig. 7B) . Therefore, we counted all the hair cells in the apical 25% of the duct and normalized them to the length of the apical region (hair cells/100 m). Controls consisted of 44 Ϯ 5 hair cells per 100 m in the apex. DAPT treatment decreased this to 6 Ϯ 2 hair cells, while FGF20 increased hair cell numbers much more significantly to 33 Ϯ 3 hair cells per 100 m in the apex (Fig.  7C) . Addition of FGF20 to DAPT-treated cultures also increased the length and the area of the Sox2 ϩ labeled sensory epithelium (Fig. 6C) . We quantified the percentage of the sensory epithelium that spanned the length of the duct by measuring the length of sensory epithelium (Sox2 labeling) relative to total duct length. In controls, Sox2 ϩ cells spanned the entire length of the duct, suggesting that 97.9% Ϯ 0.6 (SEM) of the duct therefore contained Sox2 labeling; nearly the entire duct consisted of cells that are Sox2 ϩ . Upon DAPT treatment, only 46.0% Ϯ 6.8 of the duct contained Sox2 ϩ cells. When FGF20 was supplemented, 84.8% Ϯ 3.5 of the duct was Sox2 labeled (Fig. 7D) . Next, we assessed overall changes in the area of total sensory epithelium upon DAPT treatment in the presence and absence of FGF20 (including both regions of lateral inhibition and prosensory effects). DAPT treatment alone resulted in a decrease in the area of the sensory epithelium to 35% Ϯ 9.5 (SEM) relative to control explants. Addition of FGF20 along with DAPT rescued the total area of the sensory epithelium to 69% Ϯ 12 (SEM), suggesting there was an increase in prosensory formation in all regions of the cochlea (Fig. 7E and Fig. 6CЈ, arrow) .
Rescue of hair cells at the basal portion of the cochlea was seen in some explants and was absent in others, while hair cells were consistently rescued at the apex. Although it is important to note that Notch inhibition was equally inconsistent in blocking lateral inhibition at the very base of the cochlea and occasionally blocked prosensory formation instead (Fig. 2 D, arrow and 5B, arrow). These differences likely depend on the exact age of the individual explant. Occasionally, we observed patches of hair cells in the basal portion of the cochlear duct in the presence of FGF20 and DAPT (Fig. 6CЉ, arrow) . Sox2 ϩ cells were rescued almost along the entire length of the duct (Fig. 6CЈ, arrow) .
Discussion
In this report, we have provided new insight into the relationship between the Notch and FGF pathways during prosensory induction in the cochlea. (1) we showed that the expression of Fgf20 is dependent on Notch signaling. At the time of prosensory induction, Notch inhibition led to a decline in Fgf20 expression, as shown by RT-qPCR and in situ hybridization. Jag1 cKO mutants also showed a loss of Fgf20 expression. (2) In addition, we found Figure 7 . Quantification of FGF20 rescue effects. A, Each cochlea was divided into four regions by length. Total number of hair cells (#HC) was counted in the apical 25% of the duct; control (CTL), n ϭ 8; DAPT, n ϭ 9; FGF20 ϩ DAPT, n ϭ 10. Controls consisted of 236 Ϯ 38 hair cells in the apex; DAPT treatment decreased the total hair cell number to 24 Ϯ 12 while adding FGF20-rescued total hair cell numbers to 146 Ϯ 16 in the apex. S, Saccule. B, DAPT treatment truncated the cochlear duct. Duct lengths were measured from base to apex based on morphological features of the cochlea. The average length of cochlear ducts of control explants was 2143 m Ϯ 110 (SEM), while DAPT treatment significantly truncated the duct to 1836 m Ϯ 77 (SEM); CTL, n ϭ 14; DAPT, n ϭ 15; FGF20 ϩ DAPT, n ϭ 16. C, Hair cells were also counted in the apical 25% of the duct, taking into account the length of the duct, and we show the number of hair cells per 100 m. Controls consisted of 44 Ϯ 5 hair cells per 100 m in the apex. DAPT treatment decreased this to 6 Ϯ 2 hair cells, while Fgf20 rescued 33 Ϯ 3 hair cells per 100 m in the apex; CTL, n ϭ 8; DAPT, n ϭ 9; FGF20 ϩ DAPT n ϭ 10. D, The length of the sensory epithelium (SE), labeled by Sox2, was normalized to the length of the duct. In controls, Sox2 labeling spans the entire length of the duct, resulting in a value of 97.9% Ϯ 0.6 (SEM). Upon DAPT treatment, only 46.0% Ϯ 6.8 of the duct was spanned by Sox2 labeling. When FGF20 was supplemented, 84.8% Ϯ 3.5 of the duct was spanned; CTL n ϭ 14, DAPT n ϭ 15, FGF20 ϩ DAPT, n ϭ 16. E, Since Sox2 was downregulated upon DAPT treatment, we measured the area of the sensory epithelium by quantifying the total area occupied by Sox2 ϩ and Gfi ϩ cells. DAPT treatment also decreased the area of the sensory epithelium to 35% Ϯ 9.5 (SEM) relative to control explants. Adding Fgf20 along with DAPT rescued the total area of the sensory epithelium to 69% Ϯ 12 (SEM); CTL n ϭ 14, DAPT n ϭ 15, FGF20 ϩ DAPT n ϭ 16. Student's t test *p Ͻ 0.05, **p Ͻ 0.0005, ***p Ͻ 0.00005, n.s., Not significant. that FGF20 can rescue the inhibition of Notch in explant cultures. FGF20 added to E12.5 explants rescues Sox2 expression and in some cases sensory cells, while FGF9, a more potent member of the FGF20 subfamily, can rescue a substantial number of sensory cells in the presence of continuous Notch inhibition with DAPT. Also, FGF20 added to DAPT-treated E13.5 explants provides a consistent rescue of sensory cells in the apex. Together, these results support a model in which prosensory specification by Notch signaling acts at least in part via regulation of Fgf20 expression and function.
Although we found that FGF20 can rescue the block in sensory cell development caused by inhibition of Notch at both E12.5 and E13.5, very few hair cells were rescued in the E12.5 explants (Fig.  4) . Only one of eight explants showed a dramatic increase in hair cells, while the rest showed a predominant rescue of Sox2 ϩ cells. By contrast, in E13.5 cultures DAPT treatment inhibits hair cell and support cell formation in the apex, and co-treatment with FGF20 rescued both (Fig. 6) . This difference may be attributed to the age of cochleas at the time of explant and the timing of Fgf20 expression. Significant Fgf20 expression was already initiated at E13.5 (Fig. 1 B) . In this scenario, DAPT treatment would only downregulate Fgf20 expression after exposure to DAPT; thus, we may be seeing an additive effect of endogenous Fgf20 that was already expressed in addition to the exogenous FGF20, rescuing both Gfi1 ϩ hair cells and Sox2 ϩ support cells (Fig. 6Cٞ) . If an additive effect of FGF was responsible for differentiation of hair cells and support cells, we expect that increasing the concentration of FGF would also increase hair cells. When we added FGF9, instead of FGF20, to the E12.5 cultures in the presence of DAPT, we saw a dramatic rescue in the number of hair cells (Fig. 5) . Since FGF9 is related to FGF20 but is more active when produced in recombinant form on the same receptors (Huh et al., 2012) , the fact that it can rescue DAPT-treated E12.5 sensory cell development suggests that the lack of efficient rescue with FGF20 at E12.5 is most likely a technical issue with the protein. We also observed a few Prox1 ϩ cells with FGF9, some of which were in the midst of undergoing transdifferentiation due to DAPT. Thus, a higher FGF concentration pushed cells to differentiate. This supports the hypothesis that a critical level of Sox2 is required for the initiation of Atoh1 expression.
Previous reports have shown that Fgf20 is required for auditory development (Hayashi et al., 2008b; Huh et al., 2012) and activates Fgfr1 to regulate sensory cell formation (Pirvola et al., 2002; Hayashi et al., 2008b) . In vitro studies with the FGF receptor inhibitor SU5402 showed a decrease in Sox2 ϩ cells and hair cells. In these in vitro studies all FGF receptors were pharmacologically inhibited, thus excluding the possibility of compensation by other FGFs expressed in the cochlea, namely Fgf9, Fgf8, Fgf10, and Fgf16 (Pirvola et al., 2002 (Pirvola et al., , 2004 Pauley et al., 2003; Hatch et al., 2009 ). It is noteworthy, then, that although FGF20 is required for sensory cell formation, it is not sufficient. When we cultured both E12.5 and E14.5 explants with FGF20 alone, there was no obvious increase in hair cell numbers or any ectopic hair cell formation (data not shown). This observation was consistent with a recent report in which exogenous FGF9 also did not increase hair cell numbers during sensory development in normal explants (Huh et al., 2012) . Therefore, the region of the cochlear duct competent to generate sensory cells appears to be limited by some other factors, for example a negative feedback mechanism that inactivates excessive FGF receptor signaling, potentially via Spry2, an inhibitor of FGF signaling (Shim et al., 2005) .
How does Notch signaling regulate Fgf20? It is possible that Fgf20 is directly downstream of the prosensory Notch signal, since a putative Rbpj binding site exists in the Fgf20 promoter region. Previous studies have shown that in the developing cochlea, Sox2 expression is downstream of Notch signaling. Jag1 cKO mice showed a reduction in Sox2 expression, and overexpression of NICD induced Sox2 expression in chicks and mice (Kiernan et al., 2006; Dabdoub et al., 2008; Hartman et al., 2010; Pan et al., 2010) . Both Notch and Sox2 are required for the regulation of this prosensory domain (Kiernan et al., 2005a (Kiernan et al., , 2006 . Moreover, we previously reported that Fgf20 was expressed within the Sox2 domain (Hayashi et al., 2008b) . Nevertheless, the regulation of Sox2 is likely to be complex, since it is also clear that FGFs can promote Sox2 expression. Evidence presented in this report shows that FGF20 can rescue Sox2 expression in the ab- Figure 8 . Model of Fgf20 function during development. A, Sox2 is expressed in the developing otocyst and is downstream of Notch signaling. Before Fgf20 expression, Sox2 levels are low as cochlear elongation occurs. B, Fgf20 expression acts downstream of Notch signaling and sweeps in a base to apex manner from E13.5 to E14.5. We hypothesize that Fgf20 is spatially expressed in the sensory domain and increases Sox2 expression to specify prosensory precursors in the developing cochlea. C, Fgf20 expression is transient and downregulates around E15. When Sox2 expression reaches a critical level in prosensory progenitors, they are able to differentiate into hair cells and support cells. S, Saccule; GER, greater epithelial ridge.
sence of the prosensory Notch signal, and the presence of several Pea3 binding sites on the Sox2 promoter suggest this regulation could be direct. In addition, the early Sox2 domain in Xenopus explants appears to be partially specified by FGF signaling; when embryos were treated with SU5402, Sox2 expression decreased (Wills et al., 2010) . Also, FGFs promote sensory competence in zebrafish (Sweet et al., 2011) . We show that Fgf20 could temporally act as an intermediate player in the Notch-Sox2 pathway.
These data support a model in which Fgf20 is downstream of the Notch-induced prosensory signal. We propose that Notch signaling activates Fgf20 expression in the prosensory domain, and this activates Fgfr1 to increase Sox2 expression to a critical level to specify prosensory cells. The prosensory cells will then differentiate into hair cells and mature support cells (Fig. 8) . We posited that while low Sox2 levels are already present before Fgf20 expression (Fig. 8A) , Fgf20 upregulates Sox2 expression to a critical level (Fig. 8B) . Recent findings in other systems, such as the mouse eye and neocortex, show that Sox2 is expressed at a low level before the expression of Jag1 or Notch signaling and regulates Notch expression (BaniYaghoub et al., 2006; Taranova et al., 2006) . In the developing otic placode, Sox2 is present as early as E8 (Wood and Episkopou, 1999) . While it has been shown that Sox2 antagonizes Atoh1 expression (Dabdoub et al., 2008) , recent evidence shows the presence of Sox2 transcription activation sites on the Atoh1 promoter region (Neves et al., 2011) . Fgf20 expression is high between the ages of E13 and E15 in the cochlea (Hayashi et al., 2008b) . While Sox2 expression occurs early in otic development, Fgf20 appears to be required for increasing Sox2 expression or maintaining expression in progenitors. When Fgf20 levels (or Sox2) reach a critical level of expression, these progenitors proceed to adopt either a hair cell fate or a support cell fate (Fig. 8C) . While we showed rescue of Gfi1 ϩ and Prox1 ϩ cells, there is stronger precedence for Fgf20's role in prosensory formation. In addition, Fgf20 was found to be essential for fin regeneration in zebrafish (Whitehead et al., 2005) . Thus, Fgf20 remains to be an attractive therapeutic for the regeneration of prosensory cells in the damaged cochlea.
